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Summary

As part of the development of the full-scale filtration system for the River Protection Project-Waste
Treatment Plant (RPP-WTP), a multi-tube crossflow filter is to be tested on non-radioactive simulants at 
British Nuclear Fuel, Ltd.’s (BNFL’s) Sellafield plant.  The data collected from this pilot-scale unit will 
be used in conjunction with the results from the actual waste testing with a single-tube crossflow filter to 
assist in the scale-up effort.  The objective of this work was to develop the non-radioactive, physical 
simulants for use in the multi-tube filter.  Two simulant compositions have been targeted: a neutralized 
current acid waste (NCAW) developed from a composite of AZ-101 and AZ-102 tank compositions, and 
a high-heat tank waste, based on the composition of the waste in Tank C-106.  The second objective of 
this work was to verify the simulant properties and  performance relative to the actual waste.

These simulants were developed to mimic only the sludge properties important to crossflow filtration 
testing.  The simulants were to contain the primary tank waste constituents and be non-hazardous, low 
cost, and easy to prepare and reproduce.  As a first step, the aspects of the high-level waste (HLW) sludge 
properties that were expected to determine the crossflow filtration performance were identified.  The key 
waste properties for crossflow filtration were determined to be 

• the size distribution of particles or agglomerates

• agglomerate compactness and deformation behavior under shearing flow conditions

• major mineral phases contributing to the waste morphology

• major ions

• ionic strength of the supernatant

• the pH of the supernatant

• slurry solids loading

• rheological properties of the slurry at a given solids loading.

Then, the actual waste elemental compositions for the NCAW and the C-106 tank wastes were used 
to derive a simple chemical composition of the solids and supernatant for simulant formulation.  The 
simulants were tested in the cells unit filter (CUF), and their formulations were adjusted to obtain a 
specification that performs similarly to actual waste in a crossflow filtration unit. 

Table S.1 lists the solid and supernatant components of the AZ-101/102 filtration simulant, and Table 
S.2 summarizes the composition of the C-106 filtration simulant.

The C-106 Filtration was evaluated with the 0.5-µm Mott filter element to compare its filtration 
performance with previous experimental data obtained with an actual C-106 sample by Geeting et al. 
(1997). The testing in both actual and simulant cases was performed at 8 wt% insoluble solids.  The 
filtrate flux for all conditions using the simulant was reasonably close in magnitude and curve shape to 
the actual waste.  The simulant filtrate flux decreased at a continuous rate over the course of an individual 
run condition due to deformation of a wide spectrum of agglomerates (from soft to hard agglomerates) 
under imposed shearing of a run condition.  Generally, the C-106 simulant filtration fluxes were less than 
30% higher than those obtained with the actual waste on the basis of averaged fluxes for individual run 
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conditions.  The difference in averaged fluxes between the simulant and actual waste was partly due to the 
difference in the shape of flux-verses-time profiles.  The C-106 simulant exhibited a uniform decline in 
the filtration flux whereas the actual waste filtration flux profile showed a rapid decline in the beginning 
followed by an approximately flat profile in the course of each individual condition.  Further, in many 
cases, there is more significant variability between the first and the second 30 minutes in the actual waste 
testing than between the actual waste testing and the simulant testing.  All of these results suggest that the 
simulant accurately model the actual waste in its filtration characteristics.

Table S.1.  Inactive AZ-101/102 Filtration Simulant Composition

Solids Components

Compounds
Bearing:  Wt % Mineral Phase Powder Grade

Mean Volume PSD
(Distribution) Wt %

Iron Oxide No: 07-5001 22 µm 17.400
Red Iron Oxide No: 07-3752 2–3 µm 29.000Iron 58 Hematite
Synthetic Red Iron Oxide No: 07-
2568

0.6 µm 11.600

Beohmite HiQ-10 Alumina 0.0028–0.004 µm 7.200
C-231 Ground White Hydrate 14 µm (broad) 8.400
SpaceRite S-23 Alumina 7.5 µm (broad) 5.040Gibbsite
SpaceRite S-11 Alumina 0.25 µm (narrow) 3.360

Aluminum 24

Gibbsite/Beohmite Ratio: 2.33

Zirconium 13
Zirconium
Hydroxide

Zirconium Hydroxide; Product Code: 
FZO922/01

15 µm 13.000

Silicon 5 Nepheline Spectrum A 400 Nepheline Syenite 10 µm 5.000
Supernatant Components

Component Concentration (M) Concentration (g/L)
NaOH 0.8 32
NaNO3 1.0 85

The available rheological results for actual C-106 sludge (Urie et al. 1997) were not applicable 
for designing the C-106 filtration simulant because the rheology of actual C-106 waste was conducted at 
too low of solids loading.   As a result, the actual C-106  waste rheological data was not used for 
designing the C-106 filtration simulant.

No actual waste AZ-101/102 CUF data were available during this work, however, efforts were made 
to create a simulant that would have a decreasing flux over time, similar to that seen in most actual waste 
samples.  The testing matrix was performed with the simulant prepared at 5 and 15 wt% insoluble solids.
The filtrate flux profiles obtained with the simulant at 5 wt% insoluble solids loading were about 70% 
higher than the filtrate flux obtained with the simulant at 15 wt% solids loading. The results indicated an 
overall decrease in filtrate flux over time, similar to what was seen during actual waste testing.
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Table S.2.  Inactive C-106 Filtration Simulant Composition

Solids Components

Compounds
Bearing:  Wt % Mineral Phase Powder Grade

Mean Volume PSD
(Distribution) Wt %

Red Iron Oxide No: 07-3752 2-3 µm 18.750
Iron 31.25 Hematite Synthetic Red Iron Oxide 

No: 07-2568
0.6 µm 12.50

Beohmite HiQ-10 Alumina 0.0028–0.004 µm 18.230

SpaceRite S-23 Alumina 7.5 µm (broad) 10.938

SpaceRite S-11 Alumina 0.25 µm (narrow) 3.646Gibbsite

SpaceRite S-3 Alumina 1 µm (narrow) 3.646

Aluminum 36.46

Gibbsite /Beohmite Ratio: 2.33

Zirconium 28.12
Zirconium
Hydroxide

Zirconium Hydroxide; Product Code: 
FZO922/01

15 µm 28.125

Silicon 4.17 Nepheline Spectrum A 400 Nepheline Syenite 10 µm 4.166

Supernatant Components

Component Concentration (M) Concentration (g/L)

NaOH 1.07 42.8

NaNO3 1.00 85.0

The rheological results of the radioactive NCAW were available (Gary et al. 1990 and 1993) and used 
to develop the AZ-101/102 crossflow filtration simulant.  The instantaneous viscosity profiles indicated 
that the AZ-101/102 simulant emulated the viscosity behavior of the actual NCAW waste (core samples 
from Tanks 101-AZ and AZ-102 wastes) very well at 10, 30, and 40 wt% undissolved solids 
concentrations as a function of shear rate.  At shear rates of less than 30 s-1, the instantaneous viscosity of 
the AZ-101/102 simulant slurries at all solids loading represented higher values, which rendered the 
AZ-101/102 simulant slurries conservatively viscous.  The yield stress values for the core samples and the 
simulant slurries at similar solids contents were comparable.  The yield stress values for the AZ-101/102
simulant slurries were higher than the radioactive slurries by a factor of 2, but the differences were 
considered insignificant in discriminating the flow and rheological behavior of the simulant and 
radioactive slurries.

Rapko et al. (1997) measured the particle-size distribution (PSD) of AZ-101/102 actual waste.  These 
results were compared with the AZ-101/102 simulant PSD under similar conditions using the same 
particle size analyzer.  On a volume-weighted distribution, the actual waste and the simulant exhibited a 
poly-dispersed behavior, and the simulant encompassed the spectrum of the particle sizes encountered in 
the actual waste.  Despite the slight differences in the distribution shape and the location of the peaks for 
the actual AZ-101/102 waste and simulant, the overall mean volume and number distribution of the actual 
waste compare very well with those measured with the simulant.  For example, the mean volume and 
number distribution of the actual waste are 9.93 µm and 0.63 µm, respectively whereas those of the 
simulant are 9.32 µm and 0.77 µm, respectively.  Overall, the particle size distribution and rheology of 
the actual NCAW slurry were replicated very well by the AZ-101/102 filtration simulant.
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Finally, the declining behavior in the filtration flux due to filter fouling and/or particle de-
agglomeration over the course of testing were not seen in previous simulant studies.  The declining 
behavior of the current HLW AZ-101/102 and C-106 filtration simulants is consistent with actual waste. 
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Terms and Abbreviations

BNFL BNFL, Inc; subsidiary of British Nuclear Fuels, Ltd. 

CUF cells unit filter

DI deionized (water)

DST double shell tank

HLW high-level waste

NCAW neutralized current acid waste 

NIST National Institute of Standards and Technology

PSD particle-size distribution

PUREX plutonium-uranium extraction

RPP-WTP River Protection Project-Waste Treatment Plant

SEM scanning electron microscopy

SST Single-shell tank

TEM transmission electron microscopy

TMP trans-membrane pressure
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Units

cm centimeter
°C degrees Celsius
ft/s feet per second

g gram
kg kilogram

kg/m3 kilogram per meter3

g/L gram per liter
gpm/ft2 gallon per minute per feet2

m2/g meter2 per gram
m/s meter per second
µm micrometer

mL/s milliliter per second
mPa.s millipascal per second

min minute
M molarity or moles per liter

nm nanometer
Num% number percent
mPa.s millipascal per second

Pa pascal
s-1 reciprocal  second

Vol% volume percent
wt% weight percent
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1.1

1.0  Introduction

BNFL, Inc (BNFL) developed flowsheets for the River Protection Project-Waste Treatment Plant 
(RPP-WTP) in which they made plans to use crossflow filtration for the solid-liquid separation of the 
Envelope D Hanford sludge (DOE-RL 1996).  Unlike traditional dead-end filtration in which a filter cake 
grows on the surface of the filter medium and slows the rate of filtration, in crossflow filtration, the fluid 
flows across the medium and sweeps the filter cake away.  This filtration method is especially beneficial 
when there are very fine particles and when system simplicity is required.

As part of the development of the full-scale filtration system for the RPP-WTP, a multi-tube
crossflow filter is to be tested on non-radioactive simulants at BNFL’s Sellafield plant.  The data 
collected from this pilot-scale unit will be used in conjunction with the results from the actual waste
testing with a single-tube crossflow filter to assist in the scale-up effort.

The objective of this work was to develop the non-radioactive, physical simulants for use in the multi-
tube filter.  Two simulant compositions have been targeted:  a Neutralized Current Acid Waste (NCAW) 
developed from a composite of AZ-101 and AZ-102 tank compositions, and a high-heat tank waste, based 
on the composition of the waste in Tank C-106.  These simulants were developed to mimic the sludge 
properties important to crossflow filtration testing.  The simulants were to contain the primary tank waste 
constituents and were to be non-hazardous, low cost, and easy to prepare and reproduce.

The second objective of this work was to verify the simulant properties and  performance relative to 
the actual waste.  Particle size and rheological data available from past experimental efforts were 
compared to these high-level waste (HLW) simulants.  The simulants were also tested in the cell unit 
filter (CUF) single-tube crossflow filter, providing a comparison between the simulant results and the 
available data with actual waste.  By comparing the filtration and rheological behavior of actual and 
simulated waste, the validity of the simulants can be verified.  Furthermore, a comparison between the 
simulant behavior in the CUF unit and in the multi-tube pilot-scale unit provides insight into the impacts 
of process scale-up.

This report describes the approach taken in developing the AZ-101/AZ-102 and C-106 tank waste 
simulants.  It also provides the simulant formulation, including vendor purchasing information.  The 
utility and limitations of the simulant are also delineated to define acceptable applications.  The 
rheological, filtration, and particle size properties for each simulant are delineated.  These properties are
compared to the actual waste data, where available.  This report also provides a means of transmitting to 
BNFL the raw filtration, rheological, and particle-size data for the simulants.
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2.0  Simulant Development Approach

Simulants are usually designed with a specific process or processes in mind.  A simulant that is 
appropriate for testing one process might be inappropriate for another.  In this work, simulants are 
designed for  multi-tube crossflow filtration testing.  Thus, the simulants are emulating those aspects of 
the HLW sludge properties relevant to the performance of crossflow filtration.  The approach used to 
develop non-radioactive HLW physical simulants for multi-tube crossflow filtration is illustrated in 
Figure 2.1.  Additional discussions on the methodology used to develop physical simulants are presented 
in Golcar et al. (1997 and 2000).

Figure 2.1. Simulant Development Approach

The first step was to identify the waste properties that were expected to determine the crossflow 
filtration performance.  Literature reviews, CUF testing results, and consultation with experts were 
conducted to determine the mechanisms by which the crossflow filtration process operated.  This 
knowledge was used to develop a list of expected key physical and chemical properties for the crossflow-
filtration process.  The relevant waste properties for crossflow filtration were determined to be 

• Particle-size distribution (PSD): Particle or agglomerate size is likely the most important property 
for the filtration since it impacts filterability according to their arrangement in the filter cake to 
form a compressible verses an incompressible film.

• Rheological properties of the slurry at given solids loading: The rheology of the slurry will 
control the slurry-transporting characteristic in the CUF circulation loop.  This information is 
needed to determine design parameters of velocity and pressure drop across the pipeline.

Simulant Composition
& Specification

Identify Key Waste Properties 
for Crossflow Filtration

Major
Tank Waste 
Components
& Minerals

Actual
Tank Waste 
Particle Size
and Rheology

Compare Simulant CUF 
Testing, Particle Size, and 
Rheology to Actual Waste

Actual Waste 
Testing in 
the CUF
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• Slurry solids loading: The slurry solids loading impact the rheology of the slurry.  Obviously, the 
lower the solids content of slurry, the lower the viscosity over the measurable range of shear 
rates.

• Agglomerate strength and shearing properties: Agglomerate strength and shearing properties are 
important due to vigorous mixing and continual pumping that gradually breaks up particles and 
changes the filtration characteristics by altering the film or cake structure deposited on the 
membrane surface.  As small fine particles are generated, they plug the filter cake, and the filtrate 
flux could decrease very rapidly to necessitate back flushing to regenerate the membrane.

• Major mineral phases and their contribution to the waste morphology: The mineral types provide
inherent characteristics of shape and strength for individual particles that impact rheology and the 
nature of agglomerates. 

• Major ions, the ionic strength, and the pH of the supernatant: The ionic strength and pH of the 
supernatant will affect the degree of agglomeration or dispersion and the solubility of particles.

The second step was to review the existing actual waste-characterization data for the NCAW and the 
C-106 tank wastes.  These results were used to determine the chemical composition of the solids and 
supernatant for each waste type.  The PSD and the rheological results of the radioactive waste samples 
were compiled, and their relevance to crossflow filtration simulants was evaluated.  Further, the expected 
range of magnitude for PSD and rheological properties was established and used to develop simulants that 
fall within these estimates. 

The mineral phases of waste were reviewed and replicated in simulants to the extent practical.
Mineral phases of solids were selected from the existing electron beam techniques (scanning and 
transmission electron microscopy [SEM, TEM] with x-ray analysis) of the C-106 waste.  Since such data 
were not available for the NCAW solids, candidate mineral phases were selected from the TEM data 
conducted on sludge samples from 20 other single-shell tanks (SSTs) and 4 double-shell tanks (DSTs).
The waste mineralogy and chemical composition were simplified according to their practicality and 
significance in terms of size, shape, and solubility (to a certain extent) for the crossflow filtration 
performance.  From the standpoint of simulant quality control and the high cost of some minerals 
identified by TEM, compromises were made in selecting minerals for simulant formulation.  These 
minerals were substituted with other solid forms of the same component with a similar PSD and shape 
that were commercially available at reasonably low costs. The mineral phases and their selection criterion 
are discussed in detail in section 4.3.

In the case of the C-106 simulant, the available small-scale radioactive CUF results were available.
Thus, the final step in the simulant-development process was to compare the CUF data using simulant 
slurry with the radioactive CUF results.  Adjustments to the C-106 simulant composition were made to 
improve the confidence in the validity of the simulant for crossflow filtration.

Simulant compositions were formulated using commercial minerals.  The rheology (viscosity and 
yield stress) and PSD of the simulants were measured.  Each formulation was tested in the cold CUF, and 
its performance was evaluated.  The simulant formulation was adjusted numerous times to obtain the final 
formulation, which was similar to actual waste in filtration, rheological, and PSD properties.



3.1

3.0  High-Level Waste Simulant Specification

The specifications and preparation procedures for the inactive HLW – Envelope D filtration simulants 
are presented in this section.  These simulants were developed for the purpose of testing crossflow filtration
systems.  The applicability of these simulants for filtration studies using washed and leached solids is 
uncertain and requires additional evaluation.  These simulants have not been developed to mimic the 
chemical properties of the sludge, and their use for washing and caustic-leaching experiments is not 
recommended.  Applicable sludge properties for crossflow filtration were discussed in Section 2.0.
Specifications outlined below are for 

• AZ-101/102 waste simulant slurry for the NCAW from Hanford Tanks AZ-101 and AZ-102

• C-106 waste simulant slurry for the high-heat tank waste from Hanford Tank C-106.  It should be 
noted that the actual C-106 waste has recently been transferred to Hanford Tank AY-102.  The C-
106 waste simulant replicates the Hanford tank C-106 waste and it does not replicated the AY-
102/C-106 mixed waste.

3.1  AZ-101/102 Slurry Simulant

Table 3.1 lists the solid and supernatant components of the inactive AZ-101/102 waste filtration 
simulant.  Note that the concentration of the solid components is reported on a 100% dry solids basis.  For 
aluminum- and iron-bearing compounds in the simulant several metal oxide/hydroxide powder grades of 
various PSD ranges were used to produce the required rheological and filtration characteristics.  The 
product descriptions for each mineral, including density and particle size, are provided in Appendix A.  The 
material safety data sheets for listed source chemicals are provided in Appendix B.

3.2  C-106 Slurry Simulant

Table 3.2 lists the solid and supernatant components of the inactive C-106 waste filtration simulant.
Similar to the inactive AZ-101/102 simulant, the concentration of the solid components is reported on a 
100% dry solids basis.  For aluminum- and iron-bearing compounds in the simulant several metal 
oxide/hydroxide powder grades of various PSD ranges were used to produce the required rheological and 
filtration characteristics.  Appendix A provides the product descriptions for each mineral, including density 
and particle size.  Appendix B provides the material safety data sheets for listed source chemicals.

Following is the procedure for preparing both the AZ-101/102 and C-106 simulants:

• Determine the wt% insoluble solids and the total mass of simulant desired.  This simulant should mimic 
actual waste over the range of 3 to 40 wt% solids loading.  At lower than 3 wt% solids loading, the 
supernatant composition becomes more significant than the particle characteristics.  Further 
development of the supernatant may be required to mimic the actual waste.  Additionally, higher than 
40 wt% solids loading has not been evaluated in this study.  Further validation at these higher 
concentrations would be required before using these simulants above 40 wt%.

• Weigh out and combine the solid components described in Table 3.1 or 3.2 for the 1) total simulant 
mass, and 2) wt% solids desired.  The order of addition to the mixture is not important.
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• Prepare sufficient simulated supernatant for the total mass of slurry at desired solids loading with the 
molarity specified in Table 3.1 or 3.2.

• Add this simulated supernatant to the dry solids mixture until the total mass of slurry simulant desired 
is reached.  Mix with a stirrer for 20 min immediately after addition and before use.

Table 3.1.  Inactive AZ-101/102 Filtration Simulant Composition

Solids Components
Compounds

Bearing: Wt %
Mineral
Phase Powder Grade

Mean Volume PSD
(Distribution) Wt %

Iron Oxide No: 07-5001 22 µm 17.400
Red Iron Oxide No: 07-3752 2–3 µm 29.000

Iron 58 Hematite
Synthetic Red Iron Oxide 
No: 07-2568

0.6 µm 11.600

Boehmite HiQ-10 Alumina 0.0028–0.004 µm 7.200
C-231 Ground White Hydrate 14 µm (broad) 8.400
SpaceRite S-23 Alumina 7.5 µm (broad) 5.040Gibbsite
SpaceRite S-11 Alumina 0.25 µm (narrow) 3.360

Aluminum 24

Gibbsite/Boehmite Ratio: 2.33

Zirconium 13
Zirconium
Hydroxide

Zirconium Hydroxide; Product Code: 
FZO922/01

15 µm 13.000

Silicon 5 Nepheline Spectrum A 400 Nepheline Syenite 10 µm 5.000
Supernatant Components

Component Concentration (M) Concentration (g/L)
NaOH 0.8 32
NaNO3 1.0 85

Table 3.2.  Inactive C-106 Filtration Simulant Composition

Solids Components
Compounds

Bearing: Wt %
Mineral
Phase Powder Grade

Mean Volume PSD
(Distribution) Wt %

Red Iron Oxide No: 07-3752 2-3 µm 18.750
Iron 31.25 Hematite Synthetic Red Iron Oxide No: 07-

2568
0.6 µm 12.50

Beohmite HiQ-10 Alumina 0.0028–0.004 µm 18.230

SpaceRite S-23 Alumina 7.5 µm (broad) 10.938

SpaceRite S-11 Alumina 0.25 µm (narrow) 3.646Gibbsite

SpaceRite S-3 Alumina 1 µm (narrow) 3.646

Aluminum 36.46

Gibbsite /Boehmite Ratio: 2.33

Zirconium 28.12
Zirconium
Hydroxide

Zirconium Hydroxide; Product 
Code: FZO922/01

15 µm 28.125

Silicon 4.17 Nepheline Spectrum A 400 Nepheline Syenite 10 µm 4.166
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Supernatant Components

Component Concentration (M) Concentration (g/L)

NaOH 1.07 42.8

NaNO3 1.00 85.0

3.3 Simulant Material Suppliers

Simulant properties, such as particle size distribution and mineral composition, will vary from those 
listed in this report if alternative sources for simulant components are used.  The brand names of each 
simulant component are given in Table 3.3.

Table 3.3.  Inactive AZ-101/102 and C-106 Filtration Simulant Material Suppliers

Manufacturer Simulant Material Powder Grade

Iron Oxide, Hematite Iron Oxide No: 07-5001

Iron Oxide, Hematite Red Iron Oxide No: 07-3752The Prince Manufacturing Company
http://www.princemfg.com/

Iron Oxide, Hematite
Synthetic Red Iron Oxide 
No: 07-2568

Alcoa - Port Allen , LA
http://www.alcoa.com/
1-800-860-3290

Beohmite,  AlOOH HiQ-10 Alumina

C-231Ground White Hydrate

SpaceRite S-23 Alumina

SpaceRite S-11 Alumina

Alcoa- Bauxite, AR
http://www.alcoa.com/
1-225-382-3338

Gibbsite, Al(OH)3

SpaceRite S-3 Alumina

Magnesium Electron INC. (MEI)
http://www.zrchem.com/
1-800-366-9596

Zirconium Hydroxide
Product Code: FZO922/01 from 
FZO 922 series.

Hammill & Gillespie 
http://www.hamgil.com/
973-994-3847

Nepheline,
 (Na, K)AlSiO4

Spectrum A 400 Nepheline 
Syenite

Detailed simulant characterization and crossflow filtration performance testing are required if 
alternative commercial products are used.  Such results should be similar to the simulant properties 
documented in this report.  Further, the chemical and physical properties listed in Appendix A need to be 
matched as closely as possible if another commercial source is used. 
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4.0  Chemical Composition and Mineral Phases

The basis for the elemental and mineral phase content of the simulants is presented in this section.
The elemental composition of the NCAW and the C-106 slurries were estimated using analytical results 
and historical information on the generation of the waste.  The elemental compositions were then 
simplified to meet the simulant development criteria for crossflow filtration testing.  Compositions are 
listed in this section.  Further, the rationale for selecting the mineral phases used in the simulant 
formulation and the significance of these minerals to crossflow filtration is explained. 

4.1 Elemental Composition for NCAW 

The actual NCAW solids composition was taken from Hodgson (1995) and Lambert (1998).  The
tank inventories and their percentages on a “sodium-free” and “water-free” basis are provided in 
Table 4.1. The sodium is removed because it is assumed to be present as either an intrinsic constituent of 
compounds generated from the analytes in Table 4.1 or as soluble sodium nitrite/nitrate which dissolves 
or is diluted during  the retrieval process.  Thus, it is not included in the solids composition. The data in 
Table 4.1 indicate that approximately 88 to 92 wt% of the NCAW solids are dominated by minerals
formed from the following analytes: iron (~42 to 43 wt%), aluminum (~11 to 22 wt%), silicon (~2 to 3 
wt%), zirconium (~6 to 15 w%), uranium (~2 to 9 wt%), manganese (~1 to 9 wt%), cadmium (~2 to 5 
wt%) and nickel (~2 to 3 wt%).

As shown, approximately 42 to 43 wt% of NCAW sludge consists of iron compounds because a large 
quantity of iron sulfamate was used in the plutonium-uranium extraction (PUREX) process, which is 
noted by historical accounts (Ryan 1995).  The PUREX process produced the NCAW tank sludges.
Aluminum compounds are the second main constituents of sludge, followed by uranium and zirconium 
compounds.  The rest of the analytes (silicon, manganese, cadmium, and nickel) constitute the remainder 
of the solids.

Uraninite (UO2) minerals were not added to the list of simulant chemical sources (despite 
representing 2 to 9 wt% of NCAW solids), because they are radioactive.   While uranium-bearing
materials are typically dense hard minerals, it was not expected to have a significant impact on the
filtration properties because the filterability of slurry is not directly influenced by these properties (see 
Section 2.0).  Therefore, we did not add any dense hard minerals  (such as tungsten oxide) as surrogates 
for uranium.

Manganese oxides and/or hydroxides were also excluded from the simulant materials list to simplify 
the iterative process of formulation.  Manganese oxide or hydroxides tend to be grouped into tight 
bundles and columnar massive forms of “hard” agglomerates.  The behavior of these particles is 
dominated by the body-force interactions (inertial and frictional forces) rather than colloidal interactions.
In this context it is assumed that they behave similar to iron oxide or aluminum trihydroxide described in 
detail in Section 4.3. 
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Table 4.1. Reference NCAW Elemental Composition.

Solids Analyte AZ-101 (kg) (a) Sodium-Free
(Wt %)

AZ-102 (kg) (b) Sodium-Free
(Wt %)

Ag 78.2 0.17 242 0.22
Al* 5320 11.85 24200 22.35
As 111 0.25 - -
B 57.8 0.13 - -
Bi - - - -
Ca 467 1.04 1080 1.00
Cd 1070 2.38 5360 4.95
Ce 234 0.52 - -
Cr 343 0.76 3930 3.63
Cu 83 0.18 - -
Fe 19100 42.5 46800 43.22
K 1260 2.81 918 0.85
La 724 1.61 1610 1.49
Li 14 0.03 - -

Mg 118 0.26 - -
Mn 4260 9.49 1030 0.95
Mo 24 0.05 - -
Na 17300 0.00 19880 0.00
Nd 518 1.15 - -
Ni 855 1.90 3160 2.92
P 558 1.24 164 0.15

Pb 101 0.22 394 0.36
Re 11 0.02 - -
Rh 83 0.18 - -
Si 1130 2.52 3390 3.13
Sr 95 0.21 117 0.11
Te 374 0.83 - -
Ti 127 0.28 - -
U 1070 2.38 9670 8.93
V - - - -
Zn 79 0.18 0.00
Zr 6720 14.96 6470 5.97

(a) Projected inventory using core 1 sample composition (Hodgson 1995). 
(b) Calculated sludge based on Section 4.0 of the 1995 Tank Characterization Report (Lambert 1998).
* Shaded analytes are the major compound-bearing elements in NCAW solids.

Neither nickel nor cadmium compounds are used in deriving simulant formulation.  Cadmium 
compounds are extremely toxic.  Nickel is known to form stable mixed oxides with Al, Fe, Cr, etc.  In the 
alkaline conditions typically encountered in NCAW nickel most likely occur in related mixed oxy 
hydroxides.  It is speculated that the co-precipitation of mixed nickel oxides and hydroxides would not 
alter the nature of agglomerate compactness common to for example iron-bearing oxides and hydroxides.
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Thus, it is assumed that these oxides behave similar to iron oxides, and their inter-particle interactions are 
governed by body-force type interactions.

Based on the indicated discussions, the elemental composition of the solids fraction of the 
AZ-101/102 simulants was normalized with the relative proportions of only the four elements of 
aluminum, iron, silicon, and zirconium.  This composition is shown in Table 4.2. 

Table 4.2.  Target Composition of AZ-101/102 Filtration Simulant

Solids components

Analyte
Normalized
Estimates
(Wt %)

Target Analyte Bearing Minerals Target Mineral 
composition

(Wt %)

Aluminum 17–30
Boehmite; AlOOH
Gibbsite; Al(OH)3

(combined)
24

Iron 57–60 Hematite; Fe2O3 58

Silicon 3–5 Nepheline; (Na, K)AlSiO4 4

Zirconium 8–21 Zirconium Hydroxide; Zr(OH)4 13

Supernatant components

Compound Target
Concentration (M)

Significance

NaOH 0.80 Liquid viscosity, pH

NaNO3 1.00 Liquid viscosity, ionic strength

The composition of the supernatant simulant replicates the pH and ionic strength expected in the feed 
after the sludge waste is fluidized from the holding tanks with dilute caustic (0.01M NaOH) to yield 
slurry of metal hydroxide precipitates.  Sodium hydroxide, nitrite, and nitrate are the primary soluble 
compounds in the waste.  Since sodium nitrate and nitrite make similar contributions to the ionic strength, 
only sodium nitrate was included in the supernatant formulation.

4.2  Elemental Composition for C-106

The elemental composition of the C-106 solids is estimated from analytical results and projected 
inventory from the 1996 grab sample (Schreiber et al. 1996) and projected inventory of waste (Kirkbride 
et al. 1999) in Tank C-106.  The tank inventories and their percentages on a “sodium-free” and “water-
free” basis are provided in Table 4.3.  The data indicate that approximately 98 wt%(a) of the non-sodium
C-106 solids are dominated by minerals formed from following analytes: aluminum (~31 to 33 wt%), iron 
(~26 to 40 wt%), silicon (~4 to 16 wt%), zirconium (~1 to 26 w%), manganese (~1 to 3 wt%), calcium 
(~1 to 2 wt%), and phosphorus (~2 wt%).

(a) The sodium is assumed to be present as either an intrinsic constituent of compounds generated from 
the analytes in Table 4.3 or as soluble sodium nitrite/nitrate which dissolves during  the retrieval process.
Thus, it is not included in the solids composition.
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Aluminum is the main constituent of C-106 sludge (~31 to 33 wt%) closely followed by iron and 
zirconium compounds.  The rest of the analytes (silicon, manganese, and calcium) constitute the 
remainder of the solids.

Table 4.3. Reference C-106 Elemental Composition

C-106 (kg) (a)
Sodium-Free

(Wt %) C-106 (kg) (b)
Sodium-Free

(Wt%)
Ag 1390 1.20 <1 -
Al* 36000 31.14 56873 32.97
B 53 0.05 0 0
Ba 221 0.19 7.77 0
Bi 0 0 4.536 0
Ca 981 0.85 2866 1.66
Cd 24 0.02 0 0
Ce 158 0.14 <1 -
Cr 475 0.41 1067 0.62
Cs 0 0 10 0
Cu 79 0.07 0 0
Fe 46800 40.48 45506 26.38
Hg 0 0 78 0.05
K 774 0.67 803 0.47
La 57 0.05 228 0.13
Mg 197 0.17 <1 -
Mn 1610 1.39 4977 2.89
Na 145000 0.00 60015 0
Nd 129 0.11 0 0
Ni 455 0.39 1912 1.11
P 1800 1.56 3337 1.93

Pb 1740 1.50 1278 0.74
S 2120 1.83 530 0.31
Si 18400 15.91 7573 4.39
Sr 30.7 0.03 55 0.03
Ti 96.7 0.08 0 0
U 1400 1.21 14 0.01
Zn 48 0.04 0 0
Zr 587 0.51 45372 26.30

(a) Projected inventory using grab sample taken in 1996 (Schrieber et al. 1996) 
(b) Projected inventory using tank transfer plans where the C-106 will be transferred to Tank 
AZ101 or Tank AZ102 (Kirkbride et al. 1999).

* Shaded analytes are the major compound-bearing elements in C-106 solids. 

Based on similar logic presented in Section 4.1, the elemental composition of the solids fraction of 
the C-106 simulants was normalized to 100% with the relative proportions of four major elements 
(aluminum, iron, silicon, and zirconium).  This composition is shown in Table 4.4. 
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Table 4.4.  Target Composition of C-106 Filtration Simulant

Solids Components

Analyte

Normalized
Estimates
 (Wt %) Target Analyte Bearing Minerals

Target Mineral 
composition

(Wt %)

Aluminum
35–37 Boehmite; AlOOH

Gibbsite; Al(OH)3

(combined)
37

Iron 29–46 Hematite; Fe2O3 31

Silicon 5–18  Nepheline; (Na, K)AlSiO4 4

Zirconium 29(a) Zirconium Hydroxide; Zr(OH)4 28

Supernatant components

Compound
Target

Concentration (M) Significance

NaOH 1.07 Liquid viscosity, pH

NaNO3 1.00 Liquid viscosity, ionic strength

(a)  It is speculated that the zirconium quantity reported in Kirkbride et al. 1999 was under 
estimated.  Thus, this value was not included.

4.3  Major Mineral Phases

In order to replicate various factors of PSD, shape, surface charge, rheological properties, 
agglomeration, and deformation (under shearing flow conditions) of the actual waste, the mineral phases 
need to be accounted for.  Incorporating all of the aluminum, iron, silicon, and zirconium-bearing mineral 
phases into the simulant design can easily become complicated. Thus, the AZ-101/102 and C-106 slurry 
simulants were designed to encompass major mineral phases that govern the expected physical and 
rheological properties as well as filter-cake agglomeration and deformation (under shearing flow 
conditions).  The major phases identified in the actual waste and the criterion for using individual 
minerals in the simulant design are described below. 

The characterization of mineral compounds by electron beam techniques (scanning and transmission 
electron microscopy with x-ray analysis) were conducted on sludges from 21 SSTs and 4 DSTs 
(Lafemina et al. 1995a, 1995b, 1995c).  Considering the compositional variety of tank wastes, relatively 
few major solids phases were present.  The major aluminum-containing precipitates were determined to 
be gibbsite [Al(OH)3] and boehmite [α-AlOOH].  Iron-containing compounds were well-crystallized
oxyhydroxide minerals, goethite (α-FeOOH) and hematite (Fe2O3).  Much of the silicon in the tank 
wastes appeared to be in various forms, including zeolites such as cancrinite, amorphous aluminosilicate, 
clay minerals, feldspar, and sand (Lafemina et al. 1995a, 1995b, 1995c). 
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The AZ-101/102 tank waste mineral compounds were postulated using described major minerals for the 
25 Hanford tank sludges because microscopy measurements were not performed on actual AZ-101/102
sludge samples.  On the other hand, microscopy measurements were conducted on the untreated 
radioactive C-106 sludge solids (Lumetta et al. 1996).  The TEM coupled with the EDS and electron 
diffraction of the untreated C-106 solids is shown in Figure 4.1.

Figure 4.1.  TEM and EDS of Large Sample Area of the Untreated C-106 Solids
(Lumetta et al. 1996)

Similar to minerals reported in the other 24 tank sludges, the C-106 sludge solids are dominated by 
gibbsite [Al(OH)3], boehmite [α-AlOOH], goethite (α-FeOOH), hematite (Fe2O3) and aluminum/iron 
bearing silicates.  Lumetta at al. (1996) indicated that FeOOH was present in both highly crystalline and 
poorly crystalline forms.

In terms of solids size, the primary particles and agglomerates in actual tank sludges were observed to 
span five orders of magnitude (Lafemina et al. 1995a, 1995b, 1995c).  As shown schematically in 
Figure 4.2, the solids are ranging from 1 nm to 100 µm in diameter and vary widely in shape.   The small 
colloidal size particles (~<10 µm) were found to be zirconium oxide/ hydroxides (1 to 10 nm), geothite 
(<100 nm), various silicates (<100 nm), and boehmite ranging from 100 nm to 1 µm.  These sub-micron
particles tend to form homogeneous or mixed heterogeneous agglomerates that can be as large as 100 µm
(see Figure 4.2).  Single crystals of gibbsite and hematite can exceed 20 µm in diameter. 
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Figure 4.2.  Solids Types in the Tank Sludges(a)

The illustration of Figure 4.2 demonstrates that mineral phases found in the actual waste represent a 
wide variety of particle shapes.  For example, the boehmite particles are acicular and/or plate-shape
particles that have a specific surface area of approximately 280 m2/g, and gibbsite particles are tabular on 
the order of 5 to 50 m2/g.  The hematite crystals are approximately spherical (rounded hexagonal) with a 
surface area on the order of 50 m2/g.  Thus, particles of various forms of spherical, plate like, and needle 
shapes were accounted for in choosing the simulant minerals.

To design filtration simulants, commercially available powder grades of aluminum, iron, silicon, and 
zirconium bearing minerals were selected that represent a diverse spectrum of observed actual tank 
primary particle sizes (less than 10 nm to 100 µm).  Particle or agglomerate size is likely the most 
important property for the filtration since it impacts filterability.  Also, minerals were selected to mimic
the formation of both soft and hard agglomerates that behave in different manners under crossflow-
filtration shearing flow conditions.  Powder grades of boehmite and gibbsite minerals were used since 
they comprise a large fraction of aluminum-containing minerals.  Gibbsite was added in several powder-
grade size ranges and ratios to replicate primary gibbsite particles, which either accumulate in soft 
agglomerate clusters or represent compact crystalline bundles. 

Hematite in several size ranges was used for iron-bearing minerals.  Powder-grade hematite minerals 
of narrow 0.6-µm size range, broad 2-µm size range, and 22-µm broad size distribution at various ratios 
were included in the filtration simulant (b) Although the goethite phase was observed in many actual tank 
waste sludges, from the standpoint of simulant quality control, it was not considered as a simulant 
component.  The geothite phase is typically synthesized using the Fe (II) or Fe(III) salt solutions.  This 
synthesize path can be time consuming and requires substantial morphological analysis to achieve 

(a) Adapted from a view graph presentation by Bruce Bunker et al.

(b) In this text the terms “narrow particle size range” and “broad particle size range”  are used to describe 
the width of a particle peak distribution qualitatively.  Details of peak width distribution are provided in 
Appendix E.
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uniformly consistent sizes.  Commercially available powder-grade goethite is expensive to acquire ($250 
U.S. currency/5 grams) in large quantities.  Thus, geothite was not used in the filtration simulant. 

Nepheline [(Na, K)AlSiO4] and/or (Na, AlSiO4), an aluminosilicate mineral of the feldspathoid group, 
was used as the silicon-bearing phase.  This mineral is commercially available and used as a substitute for 
cancrinite [Na4Al3(SiO4)3CO3] zeolite seen in tank waste sludges.  Nephaline was selected because it 
contains large openings in the crystal structure similar to cancrinite zeolite and has similar particle 
characteristics.  Once again, a powder-grade nepheline with a broad size distribution of 10 µm was used 
in simulant formulation.  A powder-grade zirconium hydroxide was used as the zirconium-containing
solid phase.

The minerals described above and illustrated in Figure 4.2 were used as solid-particle building blocks 
to replicate the PSD results (see Section 6.2) of the actual AZ-101/102 and C-106 wastes and mimic the 
resulting colloidal and body force inter-particle interactions.  Furthermore, close attention was made to 
encompass a wide spectrum of particle physics that were determined from the mineral phases found in the 
actual waste.  The shape of particles and their surface roughness also affect the rheological properties of 
the slurry as well as the solids size distribution and the state of agglomerates.  By incorporating these 
factors, unexpected and/or undesirable rheological properties can be evaluated at solids loading of 
interest.   For instance, non-spherical shapes can all provoke particle-particle collisions inducing shear-
thickening behavior.
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5.0  Simulant Verification by Crossflow Filtration Testing

The CUF parametric tests were conducted at various phases of the AZ-101/102 and C-106 simulant-
development efforts.  The filtrate flux values and the flux-versus-time results from these tests were
compared to results available from filtration tests with actual waste samples.  All actual waste samples 
tested show a continuous reduction in filtrate flux over the course of the experiment as a result of floc de-
agglomeration, particle grinding, and irreversible filter fouling (Geeting et al. 1997; Brooks et al. 2000a, 
2000b). In addition, in the course of an individual run condition, the filtrate flux declined.  An attempt 
was made to match the flux decline over the course of an individual run condition for both the 
AZ-101/102 and C-106 filtration simulants.

Results of CUF testing conducted with an actual C-106 sample were used to validate the C-106
simulant (Geeting et al. 1997).  In both cases, 0.5-µm Mott filter elements were used.  The same 
transmembrane pressure and axial velocity conditions of the actual waste trials were replicated with the 
simulant to simplify the comparison.  The test matrix and the CUF results are presented and compared in 
detail in Section 5.2.  Further, the final C-106 formulation was tested using a BNFL-specified testing 
matrix and the BNFL baseline 0.1-µm Mott filter.

During the development of the AZ-101/102 simulant formulation, filtration results for the actual 
AZ-102 sample were not available.  Consequently, the objectives of the AZ-101/102 simulant 
development effort were to replicate the PSD and rheological characteristics of the actual NCAW slurry.
Additionally, the simulant was developed to exhibit a reduction in filtrate flux over the course of an 
individual condition as well as throughout the entire experiment.  The reduction in filtrate flux over an 
individual condition is believed to be caused by a build-up in material on the filter surface.  The reduction 
in filtrate flux throughout the entire experiment (in spite of backpulsing) is believed to be caused by 
deagglomeration of the particles by induced shearing in the CUF circulation loop as well as filter fouling.
This phenomena has been seen many times with actual waste, but is more difficult to obtain with 
simulants (see Geeting et al. 1996, 1997).  Thus, during the CUF trials, the AZ-101/102 simulant 
formulation was checked and adjusted several times to obtain a simulant that exhibits a decreasing filtrate 
flux as a function of time.  The final simulant formulation was evaluated using a BNFL-specified testing 
matrix that was similar to the test matrix used for testing the actual AZ-102 sample.  The results of the 
CUF testing with the AZ-101/102 simulant are discussed in Section 5.3. 

5.1 Testing Overview and Apparatus

Crossflow filtration testing of both HLW Envelope D filtration simulants was conducted on a 
Battelle-modified CUF, with the following specifications:

• single tube filter module, 61-cm-long tube; 0.952-cm ID

• a Mott liquid-service stainless steel filter 

• re-circulation flow such that 5 m/s (15ft/s) maximum linear crossflow velocity can be achieved 
through the filter tube with water

• maximum transmembrane pressure 80 psid with water.
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A photograph of the CUF used for this testing is shown in Figure 5.1.  The slurry feed is introduced 
into the CUF through the slurry reservoir.  An Oberdorfer progressive cavity pump (powered by an air 
motor) pumps the slurry from the slurry reservoir through the magnetic flow meter and the filter element.
The axial velocity and trans-membrane pressure are controlled by the pump speed (which is controlled by 
the pressure of the air supplied to the air motor) and the throttle valve position.  Additional details of the 
CUF equipment are provided in Brooks et al. (2000a, 2000b).

The C-106 simulant was tested in the CUF at conditions similar to those used for the actual C-106
sample.  For both tests, the filtrate was recycled back into the feed tank to maintain the steady-state solids 
concentration.  Each condition was run for 60 min with backpulsing once after 30 minutes of operation 
during the condition similar to the actual C-106 trials.  The data were taken every 5 minutes.  Between 
each condition, the system was backpulsed twice.  The slurry temperature was maintained at 25 ± 5°C for 
all filtrate rate testing.  The temperature was corrected (for both simulant and actual waste) to 25°C using 
the formula (Equation 5.1) provided by BNFL to correct for viscosity and surface tension changes:

(5.1)

where Flux25C is the corrected filtrate flux, and T is the temperature (°C) at the flux measurement (FluxT).

The C-106 and AZ-101/102 simulants were also tested with a 0.1-µm Mott liquid-service stainless 
steel filter.  For these tests, the BNFL HLW filtration test conditions are based on an empirically derived 
matrix to determine the optimum de-watering conditions for the feed slurry.  A 5-point matrix around the 
center-point at 50 psid and 12.2 ft/s tests the conditions of TMP (30 psid, 50 psid, 70 psid) and velocity 
(9.1 ft/s, 12.2 ft/s, 15.2 ft/s). The filtrate was recycled back into the feed tank to maintain the steady-state
solids concentration for testing.  Each condition was run for 60 minutes with data taken every 5 minutes
similar to the current BNFL HLW testing plans (see Brooks et al. 2000a,b).  The system was backpulsed 
twice between each condition, but was not backpulsed during the testing at each condition.  The slurry 
temperature was maintained at 25 ± 5°C for all filtration testing.

Following the filtration tests with each simulant formulation, the slurry was drained from the CUF 
and the CUF was rinsed thoroughly with water.  One liter of 1 M HNO3 was then circulated in the CUF 
for approximately 30 minutes, or until high filtration fluxes were attained.  The acid was drained, and the 
system was flushed with water.  After the CUF had been thoroughly cleaned, testing to establish a 
background filtrate flux was conducted with de-mineralized water, prefiltered using a 0.1 micron absolute 
rated Millipore filter.  Clean water flux testing was performed in the CUF at 20, 10, and 30 psid.  Once 
the filtration flux exceeded 2.5, 1.0, and 2.8 gpm/ft2, respectively, the filter was considered clean, and the 
next set of tests could be performed.  These flux values were found during the initial filter testing with 
water.
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Figure 5.1.  Photograph of the Cold Crossflow Filtration System

5.2  C-106 Simulant Slurry Crossflow Filtration

The C-106 simulant developed during this effort was evaluated with the 0.1- and 0.5-µm Mott filters.
The 0.5-µm rated filter testing provided a comparison with previous experimental data obtained with an 
actual C-106 sample (see Geeting et al. 1997).  The results obtained with the 0.1-µm rated filter provide a 
means of comparing the results of the small-scale CUF tests to the results of the Sellafield pilot-scale
tests.

The results of test matrices comparing simulated and actual C-106 filtration are shown in Table 5.1.
Actual velocities and pressures for both tests were within 5% of the target values, and both test matrices 
were performed at 8 wt% insoluble solids.  Representative flux vs. time curves are presented in Figures 
5.2 and 5.3.  These curves are the results of testing Conditions 8 and 9, respectively.  The filtrate flux 
curves for all other Conditions are provided in Appendix C.  The figures show the filtrate flux decline is 
reasonably close in curve shape to the actual waste.  In most cases, the average filtrate flux of the 
simulant is within 30% of the actual waste filtrate flux.  The filtrate flux for the simulant, however, is 
generally slightly greater than the filtrate flux for the actual waste.  The difference in filtrate flux is 
greatest for condition 8 (Figure 5.2), which is also the condition of lowest pressure.   For simulant 
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Condition 9 shown in Figure 5.3, the filtrate fluxes are reasonably similar.  This is the condition of lowest 
axial velocity.  Overall, the simulant filtrate fluxes are closest to the actual waste filtrate fluxes at
conditions that produce low filtrate fluxes.  The filtrate flux profiles for simulant and the actual waste at 
each condition are presented and compared in detail in Appendix C.

Table 5.1. Test Conditions and Average Filtrate Flux for the C-106 Simulated and Actual Waste using a 
0.5-Micron Mott Filter 

Average Filtrate Flux (gpm/ft2)

Condition
#

Target
Velocity

(ft/s)

Target
Pressure

(psid)
Simulant

(1st 30 min)
Simulant

(2nd 30 min)

Actual
Waste

(1st 30 min)

Actual
Waste

(2nd 30 min)

%
Difference (a)

(1st/2nd)
1 6 20 0.046 0.039 0.032 0.031 36% / 23%
2 4.5 12.5 0.027 0.029 0.024 0.024 12% / 19%
3 9 20 0.052 0.047 0.044 0.050 17% / -6%
4 6 35 0.032 0.027 0.024 0.028 29% / -4%
5 4.5 27.5 0.026 0.026 0.023 0.022 12% / 17 %
6 6 20 0.034 0.033 0.029 0.029 16% / 13%
7 7.5 12 0.045 0.048 0.035 0.036 25% / 29 %
8 6  5 0.043 0.054 0.018 0.028 82% / 26 %
9 3 20 0.018 0.019 0.016 0.017 12% / 11%

10 7.5 27 0.042 0.039 0.033 0.032 24% / 20% 
11 6 20 0.033 0.029 0.026 0.028 24% /  4%

(a) Relative Percentage Difference =( 2(Vs-Va)/(Vs+Va) ) x 100
      where: Vs = Average simulant filtrate flux 10 min

Va = Average Actual waste filtrate flux 10 min
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The C-106 simulant was also tested using the 0.1-µm Mott liquid-service filter.  In this case, a 
different matrix, developed by BNFL for actual waste testing, was performed (see Brooks et al. 2000a, 
2000b). The test conditions and average filtrate flux for this matrix are shown in Table 5.2.  This testing 
matrix contains much higher axial velocities and pressures than that performed by Geeting et al. (1997) 
and results in higher filtrate fluxes.  The average, initial, and final filtrate flux values of these tests are 
shown in Figure 5.4.  The curves showing filtrate flux as a function of time are presented in Appendix C.

Table 5.2. Test Conditions for the C-106 Simulant Slurry using a 0.1 Micron Mott Filter

Condition #

Target
Velocity

(ft/s)

Target
Pressure

(psid)

Average
Filtrate Flux 

(gpm/ft2)
1 12.2 50 0.071
2 9.2 30 0.064
3 11.3 70 0.115
4 11.4 30 0.082
5 9.1 70 0.096
6 12.2 50 0.079

The highest filtrate flux for the simulant occurred at the highest pressure and a high axial velocity.
This result is to be expected in a regime where Darcy’s Law applies—increased pressure results in 
increased filtrate flux.  It is surprising, though, that Condition 4 with a trasmembrane pressure of 30 psid 
has a similar filtrate flux to Condition 6 with similar axial velocities at 50 psid pressure.  This simulant 
also shows an increase in filtrate flux in Condition 6 when compared to Condition 1.  This result suggests 
little filter fouling or particle deagglomeration for this particular simulant over the course of the entire 
experiment.

5.3 AZ-101/102 Simulant Slurry Crossflow Filtration

The AZ-101/102 simulant developed during this effort was evaluated with the 0.1 -µm Mott filter.
Although no actual waste AZ-101/102 CUF data were available during this work, efforts were made to 
create a simulant that would have a decreasing flux over time, similar to that seen in CUF testing of most 
actual waste samples.  These results also provide a means of comparing the small-scale CUF tests to the 
Sellafield pilot-scale tests.

The testing matrix was performed with the simulant prepared at 5 and 15 wt% insoluble solids.
Similar to the solids loading conditions performed with the actual AZ-102 waste sample (Brooks et al. 
2000b).  The target transmembrane pressure and axial velocity conditions along with the average filtrate 
flux are shown in Table 5.3.  These conditions were the same as performed with the actual AZ-102
sample tested by Battelle with the hot CUF ultrafilter during January 2000.  Once the results of this 
upcoming study are published, they can be compared to the simulant results provided here.
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Figure 5.4. Initial, Average, and Final Filtrate Flux for Each Test Condition with the C-106 Simulant 
using a 0.1-Micron Mott Filter and 8 wt% Solids

The average filtrate flux results for both of these conditions are shown in Figure 5.5.  The filtrate flux as a 
function of time for each condition are provided in Appendix C.  Figure 5.5 shows that the filtrate flux 
obtained with the simulant with a 5 wt% solids loading is about 70% higher than the filtrate flux obtained 
with the simulant with a 15 wt% solids loading.  This figure also shows that although for both solids 
concentrations, Conditions 1 and 6 (~ 9 ft/s and 50 psid) were nearly identical in velocity and pressure, 
Condition 1 has a higher filtrate flux.  This indicates an overall decrease in filtrate flux over time, similar 
to what is seen in during actual waste testing due to 1) filter fouling and 2) agglomerate break-up due to 
the pump shear.
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Table 5.3. Test Conditions and Average Filtrate Flux for the AZ-101/102 Simulant using a 0.1-Micron
Mott Filter at 5 and 15 wt% Solids

Filtrate Flux (gpm/ft2)

Condition #

Velocity
5 wt%
(ft/s)

Velocity
15 wt%

(ft/s)
Pressure

(psid) 5 wt% 15 wt%
1 9.4 7.8 50 0.198 0.092
2 7.6 6.6 30 0.115 0.062
3 7.2 5.9 70 0.124 0.062
4 7.8 8.5 30 0.104 0.069
6* 8.6 8.9 50 0.115 0.077
7 13.1 11.5 30 0.104 0.072

*Condition 5 in the actual waste testing was not performed. It was also not performed here for 
consistency.

Figure 5.5 Average Filtrate Flux for Each Test Condition with the Simulated AZ-101/102
using a 0.1-Micron Mott Filter with 5 and 15 wt% Solids

5.4 Comparison to Other Simulant and Actual Waste Tests

The decrease in filtrate flux of the AZ-101/102 simulant over the course of testing due to filter 
fouling and/or particle deagglomeration has not been seen in previous simulant studies, but is consistent 
with actual waste testing.  Filtration simulants S-3 and S-103 were developed as part of Geeting et al. 
(1996).  These simulants were meant to be used as general “HLW” filtration simulants.  The S-3 simulant 
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contained boehmite and gibbsite in a 0.1 M NaOH solution.  The S-103 simulant was a mixture of 
precipitated ferric hydroxide, boehmite, gibbsite, silica, and calcium phosphate precipitated to a pH of 10.
These were tested with a 0.5-µm Mott filter using the same conditions as described in Table 5.1.  As with 
the work presented here, the first condition was at the same transmembrane pressure and axial velocity as 
the final condition, thus quantifying any decreases during the course of the test.

The initial and final filtrate fluxes are presented in Figure 5.6 below.  Actual tank wastes S-107 and 
C-107 were also tested under similar conditions with a 0.5-µm Mott filter.  These are also shown in the 
Figure.  Note that the filtrate fluxes obtained with simulants S-3 and S-103 do not decrease from the 
initial to the final condition using the same filter.  In contrast, all of the actual wastes decrease.   The 
actual C-106 test using a 0.5-µm Mott filter shows the least decrease in filtrate flux.  This is consistent 
with the C-106 simulant which had very little decrease in filtrate flux as well.  In contrast, the 
AZ-101/102 simulant has a significant decrease in filtrate flux from the initial to the final condition, 
indicating it may better represent actual waste than previously developed simulants.  The absolute value 
of the AZ-101/102 filtrate flux is considerably higher than for any of the other tests.  This may be because 
it was performed with the much higher pressure and axial velocity test matrix using a 0.1-µm Mott filter.

Figure 5.6.  Comparison of Average Filtrate Flux for the Initial and Final Conditions of the CUF 
Filtration Matrix
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6.0  Physical and Rheological Properties

The PSD and rheological properties of the filtration simulant are presented in this section.  These 
results were compared with the available actual waste results at the same solids loading and similar 
supernatant ionic strength.  It should be noted that for the AZ-101/102 waste, the rheology of unwashed 
and unleached actual waste was compared with the filtration simulant.

6.1  Rheology

The rheological results of the radioactive NCAW were used in developing the AZ-101/102 crossflow 
filtration simulant.  The viscosity profiles and the calculated power law models for 

• the second core sample from Tank AZ-101 at 10 and 30 wt% undissolved solids concentration were 
described in Gary et al. (1990)

• the first core sample from Tank AZ-102 at 10 and 40 wt% undissolved solids concentration, reported 
in Gary et al. (1993), 

were applied to mimic the NCAW slurry rheological characteristics. In Section 6.1.1, the experimental 
process for conducting simulant rheology is described in detail, and the rheological results of actual slurry 
and simulant slurry for AZ-101/102 waste types are compared in Section 6.1.2.

Unlike the NCAW waste, the available rheological results for actual C-106 sludge (Urie et al. 
1997) were not applicable to the C-106 simulant developed under this task because the rheology of actual 
C-106 waste was conducted at too low of solids loading.   As a result, the actual C-106  waste rheological 
data was not used for designing the C-106 filtration simulant.  In Section 6.1.3, the rheological 
characteristics of the C-106 simulant slurry at various solids loading are presented only to document the 
rheological properties of this simulant. 

6.1.1  Experimental

The rheological measurements of the AZ-101/102 and C-106 slurry simulants were conducted using a 
Haake rotational viscometer with a CV20 and an M-5 system.  For both systems concentric cylinder 
geometries were used.  The concentric cylinder geometry was used to replicate a steady-state shear flow in 
slurries.  In these studies, shear stress as a function of shear rate (controlled rate experiments) were 
performed.  A ME45 concentric cylinder geometry for the CV20 system and a MV1 for the M-5 system, 
both of which are suitable for medium viscous slurries, were used to measure the slurries.  Ascending and 
descending curves were collected over a run period of 4 minutes for both systems (2 minutes in each 
direction).  The ascending curve was obtained by increasing  shear rate from 0 to 300 or 1000 s-1 and the 
descending curve was collected by decreasing the shear rate from 300 or 1000 s-1 to 0 s-1 .  The temperature 
of the system was kept at 25°C by a water bath.

The CV20 system with an ME45 geometry was used to capture the de-agglomeration of various 
agglomerates (both weak and compact) as the slurry samples were sheared.  For the CV20 system, the 
shear stress was measured over the shear rate range of 0 to 300 s-1.  The M-5 system with an MV1 
geometry was used to measure the shear stress over the shear rate range of 0 to 1000 s-1 since the 
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ranges of shear rates for flow in a pipe (similar to the crossflow filtration loop) is about 1 to 1000 s-1

(Barnes 1993).(a)

6.1.2  Rheology of  AZ-101/102 Slurries

In this section, the results of the rheological measurements for the AZ-101/102 simulant slurries at 
known solids contents are discussed.  Furthermore, the rheological characteristics of the 
AZ-101/102 simulant slurries are compared with the characteristics of radioactive slurries at similar solids 
loadings.

The instantaneous viscosity (or apparent viscosity)(b) profile and experimental yield-stress values for 
the AZ-101/102 simulant slurry at various solids loadings were determined from the controlled shear-rate
experiments. Figure 6.1 shows the viscosity as a function of shear rate for the 
AZ-101/102 simulants at 10, 30, and 40 wt% undissolved solids concentrations in linear and logarithmic 
scale.

The plots of viscosity as a function of shear rate indicate that the viscosity for the 
AZ-101/102 simulants at all solids loadings drops to less than 30 mPa.s as the shear rate increases from 
about 0 to 300 s-1, representing a common shear-thinning behavior.  The shear-thinning behavior indicates 
that the shearing action breaks the agglomerate structures.  This behavior is desirable because it suggests 
that 1) the agglomerates are formed in the AZ-101/102 slurry simulant, and 2) the agglomerates break 
apart as a function of the shear rate over time.  Similar behavior has been seen in the actual waste.  It is 
expected that the AZ-101/102 simulant slurry exhibit a decreasing filtration flux over time as the 
agglomerates break during the crossflow filtration testing (see Section 5.3).

(a) Close attention to the range of shear rate is made because in a slurry system shear stresses are not 
linearly  related to the shear rate and the slurry behaves as a “non-Newtonian” suspension.  In a Newtonian 
fluid, the shear stress is linearly proportional to the shear rate by a constant viscosity factor.  But, the 
addition of solid particles to a Newtonian fluid produces non-Newtonian behavior where the shear stress is 
a non-linear function of shear rate; and the viscosity of slurry depends on the shear rate.  In dealing with 
non-Newtonian fluids the viscosities are expressed in terms of shear stress and shear rate at some instant in 
time.

(b) In this report, the term instantaneous viscosity or apparent viscosity is simply defined as the viscosity 
measured at one specific shear rate.
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Figure 6.1.  Viscosity as a Function of Shear Rate at 25oC for the AZ-101/102 Filtration Simulant
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Figure 6.2 shows the plots of shear stress as a function of shear rate for the AZ-101/102 simulant
slurry at 10, 30, and 40 wt% undissolved solids concentrations.  The rheology of the AZ-101/102 simulant 
(0 to 300 s-1) at 30 and 40 wt% undissolved solids concentrations displays a yield stress of approximately 
2.0 to 5.0 Pa.  The maximum yield stress at lower solids loading of 10 wt% un-dissolved solids 
concentration is below 1.0 Pa.  The yield stress was determined by extrapolating the linear portion of the 
measured shear stress in the direction of increasing shear rate (“up-curve”) as a function of shear rate to 
shear rate = 0.

Figure 6.2.  Shear Stress verses Shear Rate at 25°C for the AZ-101/102 Filtration Simulant

In all cases, the rheology of the AZ-101/102 simulant slurries (at various solids loading) is 
mathematically modeled as the Bingham rheology, which is commonly used to describe suspensions that 
exhibit yield-Newtonian behavior.  A yield-pseudoplastic characteristics was observed between 0 to 300 s-1,
however, are observed because the rheogram was not measured at sufficiently high shear rates to detect the 
constant, high shear, Bingham viscosity.  Mathematically, Bingham rheology differs from the yield 
pseudoplastic, but in practice, they are quite similar.

Furthermore as the solids content (wt% undissolved solids concentration) increases, the simulant shows 
a higher time-dependent rheology evident from the observed thixotropy in the shear-stress plots.  The
thixotropy (the difference between the up-curve and down-curve) is caused by agglomerates being broken 
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down as the slurry is sheared during the course of the test.  As the solids loading increases from 10 to 40 
wt%, the slurry becomes highly agglomerated and this effect is more pronounced. In this case, as the shear 
rate increases at higher solids content, more of the structural configurations (agglomerates) break down, 
and the shear stress and measured viscosity decrease, which result in a higher thixotropic hystresis loop 
(see Figure 6.3).  The increased thixotropy and shear thinning as a function of solids loading indicates that 
for the flow velocity in the crossflow filtration re-circulation line, the AZ-101/102 simulant slurries will 
flow as a pseudo-homogeneous suspension. 

Figure 6.3.  Shear Stress verses Shear Rate at 25oC for the AZ-101/102 Filtration 
Simulant Ascending and Descending Profiles

The rheological properties of the AZ-101/102 simulant slurries were compared to actual AZ-101 and 
AZ-102 core samples at 10, 30, and 40 wt% undissolved solids concentrations.  The rheological 
measurements presented herein are for the radioactive and simulant slurries before any washing or caustic 
leaching pretreatment steps.  Further, it should be noted that the rheograms of the actual waste data were
not available.  Instead, only the fitted parameters from the shear stress vs. shear rate curves were provided 
in the original source report.  In these reports, the values listed in Table 6.1 were used to calculate shear 
stress as a function of shear rate using Equation (6.1) described below:

 σ = α + β γn (6.1)

This equation is a nonlinear power law model fit where

σ = Shear stress (Pa)
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γ = Shear Rate (s-1)

α = Yield stress (Pa)

β , n = Empirical constants often referred to as the coefficients of rigidity in the flow index. 

Table 6.1. Results from the Fit to the Rheological Models for the NCAW Radioactive Slurries

(Gary et al. 1990 and 1993)

Wt% 40 40 10 10 30 30 10 10 10

Data Set 1 2 1 2 1 2 1 2 3

αα 2.02 2.12 0 0 1.26 1.29 0 0 0

ββ 0.0284 0.0081 0.0015 0.0019 0.05 0.03 0.08 0.024 0.059

n 0.7392 0.9554 0.9419 0.9306 0.7872 0.8664 0.5953 0.6856 0.6472

Temperature
(C)

65 65 65 65 NK* NK NK NK NK

* NK=  The temperatures at which these data were taken were not provided in the report but appear to be 
somewhere close to ambient.

The shear stress as a function of shear rate were calculated for the core samples from equation 6.1 and 
the fitted parameters listed in Table 6.1 at 10, 30, and 40 wt% solids.  The actual waste shear stress 
profiles are shown in Figure 6.4. 
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Figure 6.4.  Shear Stress verses Shear Rate for the AZ-101/102 Actual Waste 

Once again, the yield stress for the core samples was determined by extrapolating the linear portion of 
the measured shear stress in the direction of increasing shear rate (“up-curve”) as a function of shear rate to 
shear rate = 0.  The yield stress values for the core samples and the 
AZ-101/102 simulant slurries at similar solids contents are compared in Table 6.2.  The yield stresses for 
the simulant slurries (see Figure 6.2) and the actual NCAW slurries are comparable.  Although the yield 
stress values for the AZ-101/102 simulant slurries are higher than the radioactive slurries by a factor of 2,
the differences are considered insignificant in discriminating the flow and rheological behavior of the 
simulant and radioactive slurries.

Table 6.2. Yield Stress for the Actual NCAW and AZ-101/102 Filtration Simulant

Wt % Actual Waste Yield Stress  (Pa)
AZ101/102 Filtration Simulant 

Yield Stress (Pa)

10 0.2–1 0.6

30 1–2 2

40 2.3–2.6 4–5

Using equation 6.1 the instantaneous viscosities as a function of shear rate were calculated for the 
actual waste by dividing the shear rate by the shear stress.   The instantaneous viscosity profiles (see Figure 
6.5) indicate that the AZ-101/102 simulant slurries replicate the viscosity behavior of the radioactive 
NCAW waste (core samples from tanks AZ-101 and AZ-102 wastes) fairly well at 10, 30 and 40 wt% un-
dissolved solids concentrations as a function of shear rate. At shear rates of  less than 30 s-1, the
instantaneous viscosity of the AZ-101/102 simulant slurries at all solids loading represent  higher values, 
which desirably render the AZ-101/102 simulant slurries conservatively viscous.
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Figure 6.5 Viscosity as a Function of Shear Rate for the Actual AZ-101/102 waste and the AZ101/102 
Filtration Simulant
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6.1.3  Rheology of C-106 Slurries

The plots of instantaneous viscosity and experimental yield stress values for the C-106 simulant slurry 
at various solids loadings were determined from the controlled shear-rate experiments.  Figure 6.6 shows 
the viscosity as a function of shear rate for the C-106 simulants at 20, 30, and 40 wt% undissolved solids 
concentrations in a linear scale.

Figure 6.6 Viscosity as a Function of Shear Rate at 25°C for the C-106 Filtration Simulant

The plots of viscosity as a function of shear rate indicate that the viscosity for the C-106 simulants at 
all solids loadings drops to less than 25 mPa.s as the shear rate increases from about 0 to 300 s-1,
representing a common shear-thinning behavior.  Figure 6.7 shows the plots of shear stress as a function of 
shear rate for C-106 simulant slurry at 10, 20, 30, and 40 wt% undissolved solids concentrations.  The 
rheology of the C-106 simulant (0 to 300 s-1) at 30 and 40 wt% undissolved solids concentration displays a 
yield stress of approximately 1.0 to 4.0 Pa.  The maximum yield stress at lower solids loadings of 10 and 
20 wt% undissolved solids concentrations are below 1.0 Pa. 
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Figure 6.7 Shear Stress Verses Shear Rate at 25°C for the C-106 Filtration Simulant

6.2  Particle Size Distribution

The particle size distributions of the AZ-101/102 and C-106 filtration simulants are described below.
The filtration simulant PSD was conducted for comparison with the particle size distribution of the actual 
waste.  These measurements were conducted using the same instrument to produce actual waste data.  The 
results for the actual waste particle size distributions are compared with the simulants.  The criteria for 
developing a particle size distribution for the simulant were aimed at

• encompassing the particle size range observed in the actual waste

• achieving a poly-dispersed slurry system containing a broad range of sizes for selected solid phases

• representing a similar de-agglomeration trend as the actual waste when subjected to treatments of 
circulation and sonication in the particle-size analyzer flow loop

• modifying the PSD of simulants to attain a slurry that exhibit reduced filtrate flux over time 
comparable to the reduction seen with actual waste.

6.2.1  Experimental

A Microtrac X-100 Particle Analyzer was used to measure the PSD of these samples.  The operation 
of the Mircotrac X-100 was checked against National Institute of Standards and Technology (NIST) 
traceable standards from Duke Scientific Corporation.  The PSD results of NIST-traceable standards are 
documented in Appendix E. 
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The Microtrac X-100 Particle Analyzer measures particle diameter by scattered light from a laser 
beam projected through a stream of the sample particles diluted in a suspending medium.  The amount and 
direction of light scattered by the particles is measured by an optical detector array and then analyzed to 
determine the size distribution of the particles.  This measurement is limited to particles with diameters
between 0.12 and 700 µm.

The particle size distribution of the simulants was measured on the Microtrac X-100 after applying a 
variety of circulation times, circulation flow rates, and sonication treatments identical to the actual waste.
The treatments in successive order included 1) circulation at 40 mL/s, 2) circulation at 60 mL/s, and 
3) circulation at 60 mL/s with 40 W sonication for 90 s.  A detailed comparison of the flow condition in the 
PSD analyzer and crossflow filtration is presented in Section 6.2.3.  For each sample, the particle size 
distribution was measured three times and averaged.  The PSD of the averaged data on a volume-weighted
basis and on a number-weighted basis is reported.  The suspending medium for these analyses was the 
surrogate supernatants specified in Section 3.0 so that the simulant PSD results can be related to the 
distribution of solids in the crossflow filtration loop. A 0.8 M NaOH/1.0 M NaNO3 solution was used for 
measuring the PSD of the AZ-101/102 simulant, and a supernatant solution of 1.0 M NaOH/1.0 M NaNO3

was used for the C-106 simulant slurry. 

In Appendix E, the PSD plots for the samples under all conditions measured are presented in volume-
weighted distribution and number-weighted distribution form. The number-weighted PSD is computed by 
counting each particle and by weighting all of the particle diameters equally.  The volume-weighted PSD, 
however, is weighted by the volume of each particle measured, which is proportional to the cube of the 
particle diameter.  In this case, larger particles are treated as more important in the distribution than the 
smaller particles.

6.2.2  Particle Size Distribution of AZ-101/102 Slurry

The PSD of actual AZ-101/102 waste was measured by Rapko et al. (1997) in three supernatant 
solutions (1) deionized (DI) water, (2) 0.1 M NaNO3, and (3) 1.0 M NaNO3.  In this report, in order to 
compare the simulant characteristics under similar ionic strength conditions, the PSD of the actual AZ-
101/102 waste obtained in a 1.0 M NaNO3 solution was used to compare with the AZ-101/102 simulant 
PSD.  Figure 6.8 shows a comparison of the cumulative undersize percentage as a function of the particle 
diameter for the actual waste and the simulant samples.  Figure 6.9 illustrates the results as a volume-
weighted distribution.  It can be seen from Figures 6.8 and 6.9 that both the actual waste and the simulant 
exhibit a poly-dispersed behavior, and the simulant PSD range (0.7 to 74 µm) encompasses the spectrum of 
the particle sizes encountered in the actual waste 
(0.4 to 53 µm).

A close examination of the volume-weighted distribution plot (Figure 6.9) of the actual AZ-101/102
waste show a uniform distribution that can be approximated by three Gaussian distributions populated 
around 12.1, 3.0, and 1.0 µm.  The simulant, on the other hand, exhibits more well-defined peaks at 18, 
6.5, and 1.4 µm.   Despite these slight differences in the distribution shape and the location of the peaks, 
the overall mean volume and number distribution of the actual waste compare very well with those
measured with the simulant.  For example, the mean volume and number distribution of the actual waste 
are 9.93 µm and 0.63 µm, respectively, whereas those of the simulant are 9.32 and 0.77 µm, respectively. 
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The major particle-size peak modes along with the relative volume or number percentage that each peak 
represents are summarized in Table 6.3.
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Figure 6.8. Cumulative Under-Size Percentage Distribution for Actual AZ101/102 and C-106 Wastes 
Verses the AZ101/102 and C-106 Filtration Simulant Slurries

Figure 6.9. Volume-Weighted Distribution for AZ-101/102 Actual Waste 
and AZ 101/102 Filtration Simulant
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Table 6.3. Particle Size Distribution of AZ-101/102 Samples

Volume –Weighted Distribution Number –Weighted Distribution

Sample
Mode Diameter

(µµm) Vol % Width
Mode Diameter 

(µµm) Num % Width

12.1 52 % 21.5 0.6 100 % 0.7

3.0 23 % 1.8
AZ-101/102 Actual 

waste
1.2 25 % 0.9

17.9 31 % 17.8 0.4 100 % 0.6

6.4 40 % 5.2
AZ-101/102

Filtration Simulant 
1.4 25 % 1.4

4.4 64 % 7.4 0.2 100 % 0.2

1.1 30 % 0.7
AZ-101/102 Actual
Waste, Sonicated

0.3 6 % 0.1

14.5 55 % 18.4 0.16 100 % 0.1

0.9 20 % 0.8

0.3 18 % 0.2

AZ-101/102
Filtration Simulant

Sonicated
0.1 7 % 0.03

In crossflow filtration, a slight decrease in the filtrate flux is caused by the formation of a porous filter 
cake as the particles are deposited on the membrane surface.  However, as small fine particles begin to plug 
the filter cake, the filtrate flux could decrease very rapidly and necessitate back flushing to regenerate the 
membrane.   The shearing of the solids across the surface of the membrane/filter cake could produce fine 
particles which plug the membrane surface.  Rapko et al. (1997) also measured the PSD of the actual waste 
after sonication.  Although sonication does not represent the shear fields that are encountered in crossflow 
filtration, the data still provide some information regarding the breakup of the agglomerates.

Figure 6.10 shows a comparison of the volume-weighted distribution of the actual and simulated 
samples after sonication. It can be seen from Figure 6.10 that, although the simulant represented the PSD 
of the actual waste before sonication, the differences are much more pronounced after sonication. For 
example, 45% of the particles in the sonicated simulant sample are smaller than 1 µm whereas the 
sonicated actual waste sample has only 25% of the particles of <1 µm in size.  In other words, the de-
agglomerating nature of the actual waste is conservatively replicated by the simulant.  Filtration (CUF) 
data obtained with actual AZ-102 waste were not available during the development of the simulant.  Thus, 
the performance of the AZ101/102 filtration simulant for the crossflow filtration testing was not verified. 



6.16

Figure 6.10. Volume-Weighted Distribution for AZ-101/102 Actual Waste and AZ-101/102
Filtration Simulant Before and After Sonication
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6.2.3  Particle Size Distribution in Crossflow Filtration and X-100 Particle Analyzer

Solid particles are expected to de-agglomerate in the crossflow filtration loop as a result of the shearing
that occurs.  Similarly, the solid particles are subjected to a shear field by circulation in the particle size 
analyzer at setup velocities ranging from 1.3 – 3.4 m/s (40 mL/sec and 60 mL/sec).  In order to compare 
the PSD anticipated during crossflow filtration to the PSD data obtained using the particle analyzer, the 
Reynolds numbers for the flow condition in the CUF and PSD analyzer were calculated.  It is postulated 
that by comparing the Reynolds numbers, one can conceptualize the order of magnitude of the shear field 
that solid particles experienced in the crossflow filtration and particle-size analyzer and therefore relate the 
information from the particle analyzer to the crossflow filtration unit. 

The Reynolds numbers for the simulant slurry in the crossflow filtration re-circulation line were 
calculated using measured slurry viscosities (see Section 6.1.2) and densities.  Solids loading of 10, 20, and 
30 wt% were used in the Reynolds number calculation.  The diameter of the filter unit itself and the average 
velocity were also used in this calculation.

The Reynolds numbers for the particle size analyzer were calculated assuming that material being 
pumped had the viscosity and density of water.  Since the solids concentration is diluted to less than 
2 volume percent in order to conduct the PSD analyses, the solids concentration did not impact the solution 
properties.  The results of these calculations are summarized in Table 6.4.

It can be seen from Table 6.4 that the Reynolds numbers for the crossflow filtration and the Microtrac 
X-100 particle size analyzer are comparable.  With the exception of 30 wt% solids loading, the flow is 
maintained in a turbulent regime for both the Microtrac particle size analyzer and the crossflow filtration 
re-circulation lines.  Thus, it is speculated that in qualitative terms, the particles experience similar 
vigorous mixing and shearing in the particle analyzer and the crossflow filtration unit.  It should be noted 
that this simple methodology does not account for the kinetics of de-agglomeration as a function of 
circulation time.

Table 6.4. Calculated Reynolds Number for the Crossflow Filtration and Particle Analyzer

Crossflow Filtration System, 0.1-µµm Mott Filter with 3/8 inch Inner Diameter

Velocity
 Solids Loading

(wt %)
(ft/s) (m/s)

Slurry Viscosity
(mPa.s)

Slurry Density 
(kg/m3)

Reynolds Number

10 2.17 1150 18760

20 4.03 1240 10880

30

12.2 3.7

9.90 1340 4800

Crossflow Filtration System, 0.5-µµm Mott Filter with 0.5 inch Inner Diameter

Velocity
 Solids Loading

(wt %)
(ft/s) (m/s)

Slurry Viscosity 
(mPa.s)

Slurry Density
(kg/m3)

Reynolds Number
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10 2.17 1150 16700

20 4.03 1240 9670

30

12.2 3.7

9.9 1340 4270

Microtrac X-100 Particle size analyzer

Flow Rate
 Tubing Diameter 

(mm)
(ml/s) (m/s)

Slurry Viscosity 
(mPa.s)

Slurry Density
(kg/m3)

Reynolds Number

4.8 40 2.25 1.00 1 10690

6.3 40 1.26 1.00 1 8020

4.8 60 3.37 1.00 1 16040

6.3 60 1.90 1.00 1 12030

6.2.4  Particle Size Distribution of C-106 Slurry

The PSD of actual C-106 waste was measured by Lumetta et al. (1996) in three supernatant solutions: 
1) DI water, 2) 0.1 M NaNO3, and 3) 1.0 M NaNO3.  Once again in this report, in order to compare the 
simulant characteristics under similar ionic strength conditions, the PSD of the actual C-106 waste was 
conducted in a 1.0 M NaNO3 solution.  The cumulative undersize percentage data as a function of the 
particle diameter for the actual C-106 waste and the simulant samples are shown in Figure 6.8.  Figure 
6.11 illustrates the results as a volume-weighted distribution.  It can be seen from Figure 6.11 that the 
simulant exhibits poly-dispersed behavior similar to actual waste.  Further, the simulant PSD range (0.3 to 
88 µm) encompasses the spectrum of the particle sizes encountered in the actual waste (0.2 to 62 µm).

A close examination of the volume-weighted distribution plot (Figure 6.11) of the actual C-106 waste 
shows a uniform distribution that can be approximated by three Gaussian distributions populated around 
28.8, 3.8, and 0.2 µm.  The simulant, on the other hand, exhibits two well-defined peaks at 22 and 0.6 µm.
There are differences between the distribution shape and the location of the peaks.  In the case of the C-106
simulant, a modal distribution that was centered around 0.6 µm was deliberately introduced.  This 
distribution was inserted into the simulant formulation as a compromise to achieve similar crossflow 
filtration fluxes as the actual C-106 waste (see Section 6.2).  These small particles were also added to the 
simulant slurry to generate a C-106 filtration simulant that exhibits de-agglomeration and formation of 
small fine particles that begin to plug the filter cake.  By deviating from the actual C-106 waste PSD, we 
were able to formulate a simulant that generated smaller agglomerates at comparable time scales as the 
actual C-106 waste under similar vigorous mixing and shearing of particles in the CUF.  Earlier, C-106
simulant formulations, which replicated the PSD of actual waste very well, did not show a similar decline 
in the filtration flux as a function of re-circulation time.

The mean volume and number distribution of the actual waste are 13.7 µm and 0.2 µm, respectively, 
whereas those of the simulant are 11.3 and 0.3 µm, respectively.  The mean volume and number 
distribution of the actual waste compare fairly well with those measured with the simulant.  The major 

Table 6.4 Continued
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particle-size peak modes along with the relative volume or number percentage that each peak represents are 
summarized in Table 6.5.
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Figure 6.11. Volume-Weighted Distribution for C-106 Actual Waste and C-106 Filtration Simulant

Table 6.5. Particle Size Distribution of C-106 Samples
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Similar to AZ-102, the shearing of the solids across the membrane/filter cake surface could 
produce the fine particles to plug the membrane surface that may be simulated in the PSD analyzer with 
sonication.  Although sonication does not represent the shear fields that are encountered in crossflow 
filtration, the data still provide some information regarding the breakup of the agglomerates.  Lumetta et al. 
(1996) also measured the PSD of the actual waste after sonication.

Figure 6.12 shows a comparison of the volume-weighted distribution of the actual and simulated 
samples after sonication.  It can be seen from Figures 6.12 and 6.13 that the differences are much more 
notable after sonication. For example, 43% of the particles in the sonicated simulant sample are smaller 
than 1 µm whereas the sonicated actual waste sample has only 24% of the particles of <1 µm size. 
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Figure 6.12. Volume-Weighted Distribution for C-106 Actual Waste and C-106 Filtration 
Simulant before and after Sonication
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Figure 6.12. Number-Weighted Distribution for C-106 Actual Waste and C-106 Filtration 
Simulant before and after Sonication
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7.0  Conclusions and Recommendations
Based on the testing and analysis performed on HLW AZ-101/102 and C-106 crossflow filtration 

simulants, the following conclusions and recommendations were obtained.  They have been divided in 
two categories for clarity.

Conclusions

C-106
• The C-106 crossflow filtration simulant performance in the CUF suggested that the simulant 

accurately models the actual C-106 waste in its filtration characteristics.  The rheological properties 
of the C-106 simulant require verification with actual waste data because the available C-106
radioactive rheological data were not applicable for such evaluations.  The rheology of actual C-106
waste was conducted at too low of solids loading.

NCAW
• The PSD and rheology of the actual NCAW slurry were emulated well by the AZ-101/102 filtration 

simulant.  This simulant exhibited an overall decrease in filtrate flux over time, similar to what was 
seen in most CUF testing of other actual waste samples due to 1) filter fouling and 2) agglomerate 
break-up due to vigorous mixing and the pump shear in the CUF circulation line.

• The AZ-101/102 simulant crossflow filtration needs to be verified by comparing with actual NCAW 
results as a means to establish confidence in quantifying how closely the actual waste filtration 
performance is emulated by the simulant.

• Overall simulant properties, such as PSD and mineral composition, rheology, and filterability will 
vary from those listed in this report if alternative sources for simulant minerals and product brand 
name are used.  Detailed simulant characterization and crossflow filtration performance testing are 
required if alternative commercial products are used.  Such results should emulate the simulant 
properties documented in this report. 

Recommendations

• Care should be taken in use of alternative commercial sources for simulants. The chemical and 
physical properties for each product description listed in Appendix A need to be matched in the case 
of choosing another commercial source.

• The applicability of these simulants for filtration studies of washed solids is uncertain and requires
additional evaluation.  These simulants have not been developed to mimic the chemical properties of 
the sludge, and their use for washing and caustic leaching experiments is not recommended. 

• The application of these simulants for vitrification studies to make melter feeds for the purpose of 
preparing glass for waste form evaluation, final glass composition, or chemical durability, melt
viscosity, etc. are not recommended.  The elemental composition of all oxides, carbonates, and other
salts with appropriate substitutions for radioisotopes significant to vitrification studies are not 
duplicated.

• Addition of the iron-bearing goethite (α-FeOOH) phase to the simulant formulation may improve the 
simulant performance in replicating the actual waste filtration behavior.  Further testing is suggested 
to examine this hypothesis.  If improvements resulted, an inexpensive acicular mineral source similar 
in properties to goethite needs to be identified and included in the formulation of the simulants. 
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